We present a polarization catalog of 533 extragalactic radio sources with 2.3 GHz total intensity above 420 mJy from the S-band Polarization All Sky Survey, S-PASS, with corresponding 1.4 GHz polarization information from the NRAO VLA Sky Survey, NVSS. We studied selection effects and found that fractional polarization, π, of radio objects at both wavelengths depends on the spectral index, source magnetic field disorder, source size and depolarization. The relationship between depolarization, spectrum and size shows that depolarization occurs primarily in the source vicinity. The median π 2.3 of resolved objects in NVSS is approximately two times larger than that of unresolved sources. Sources with little depolarization are ∼ 2 times more polarized than both highly depolarized and re-polarized sources. This indicates that intrinsic magnetic field disorder is the dominant mechanism responsible for the observed low fractional polarization of radio sources at high frequencies. We predict that number counts from polarization surveys will be similar at 1.4 GHz and at 2.3 GHz, for fixed sensitivity, although ∼10% of all sources may be currently missing because of strong depolarization. Objects with π 1.4 ≈ π 2.3 ≥ 4% typically have simple Faraday structures, so are most useful for background samples. Almost half of flat spectrum (α ≥ −0.5) and ∼25% of steep spectrum objects are re-polarized. Steep spectrum, depolarized sources show a weak negative correlation of depolarization with redshift in the range 0 < z < 2.3. Previous non-detections of redshift evolution are likely due the inclusion of re-polarized sources as well.
INTRODUCTION
There are many open questions regarding the strength and geometry of the magnetic field in radio galaxies and their relation to other properties of the radio source. The observed degree of polarization depends on the intrinsic properties, such as the regularity and orientation of the source magnetic fields as well as the Faraday effects from the intervening regions of ionized gas along the line of sight. The largest current sample of polarized sources is the NRAO/VLA all sky survey, NVSS, at 1.4 GHz (Condon et al. 1998) . It shows that the majority of extragalactic radio sources are only a few percent polarized. Polarization studies of small samples of extragalactic radio sources at other frequencies also show a similar weak average polarization, and suggest the fractional polarization increases at frequencies higher than 1.4 GHz (e.g. Mantovani et al. 2009 ). It is not clear which mechanism is dominant in reducing the fractional polarization at lower frequencies and depolarizing the sources, although several models have been suggested (Burn 1966; Tribble 1991; Sokoloff et al. 1998; Rossetti et al. 2008; Schnitzeler et al. 2015) .
One key cause for depolarization is Faraday rotation, which can be characterized to first order by a change in the angle of the linear polarization: ∆χ = 0.812
where ∆χ is the amount of the rotation of the polarization vector in rad, λ is the observation wavelength in m, z is the redshift of the Faraday screen, B is the ionized medium magnetic field vector in µG, n e is the number density of electrons in the medium in cm
and dl is the distance element along the line of sight in pc. The term in parentheses is called the Faraday depth, φ. For a single line of sight through a thin ionized screen, this is equivalent to the rotation measure, RM, defined by RM ≡ ∆χ ∆λ 2 which can be measured observationally. Different lines of sight to the source all within the observing beam can have different values of φ. Typically, this progressively depolarizes the source at longer wavelengths, but it can also lead to constructive interference and re-polarization, i.e., higher fractional polarizations at longer wavelengths. There are at least three separate possible Faraday screens with different RM distributions along the line of sight: the Galactic component, intervening extragalactic ionized gas, and material local to the source. Multiple studies such as Goodlet & Kaiser (2005) ; Kronberg et al. (2008) ; Schnitzeler (2010) ; Bernet et al. (2012) ; Hammond et al. (2012) ; Bernardi et al. (2013) ; Farnes et al. (2014b) ; Banfield et al. (2014) ; Akahori et al. (2014) ; Vacca et al. (2015a,b) have tried to identify and distinguish these separate components and study the evolution of the magnetic field of galaxies through cosmic time. When many lines of sight each have independent single Faraday depths, this problem is approached statistically.
Another long standing puzzle is the anti-correlation between the total intensity of radio sources and their degree of polarization, as observed by many groups such as Mesa et al. (2002) , Tucci et al. (2004) , Sadler et al. (2006) , Taylor et al. (2007) , Grant et al. (2010) , Subrahmanyan et al. (2010) and Stil et al. (2014) . The physical nature of this relation has been a mystery for almost a decade, and is confused by the dependency on other source properties. Grant et al. (2010) found that most of their highly polarized sources are steep spectrum, show signs of resolved structure on arc-second scales, and are lobe dominated. However, they found no further correlation between the spectral index and fractional polarization. The anti-correlation between total intensity and fractional polarization seems to become weak for very faint objects with 1.4 GHz total intensities between 0.5 mJy < I < 5 mJy as suggested in Rudnick & Owen (2014) , based on a small sample of polarized radio galaxies in the GOODS-N field (Morrison et al. 2010) . Recently, O'Sullivan et al. (2015) studied a sample of 796 radio-loud AGNs with z < 0.7. They found that lowexcitation radio galaxies have a wide range of fractional polarizations up to ∼ 30 %, and are more numerous at faint Stokes I flux densities while high-excitation radio galaxies are limited to polarization degrees less than 15%. They suggest that the ambient gas density and magnetic fields local to the radio source might be responsible for the difference. Using WISE colors, Banfield et al. (2014) suggested that the observed anti-correlation primarily reflects the difference between infrared AGN and stardominated populations.
Large samples of polarization data at multiple frequencies are required to understand the magnetic field structures and depolarization mechanisms responsible for the low observed polarization fractions. Bernardi et al. (2013) have showed the polarization fraction of compact sources decreases significantly at 189 MHz compared to 1.4 GHz. They studied a sample of 137 sources brighter than 4 mJy and only detected one polarized source with probably a depolarization mechanism intrinsic to the source. Recently, Farnes et al. (2014a) used the Taylor et al. (2009) (hereafter TSS09) catalog, and assembled polarization spectral energy distributions for 951 highly polarized extragalactic sources over the broad frequency range, 0.4 GHz to 100 GHz. They showed that objects with flat spectra in total intensity have complicated polarization spectral energy distributions (SEDs), and are mostly re-polarized somewhere in the spectrum, while steep spectrum sources show higher average depolarization. As a result, they claimed that the dominant source of depolarization should be the local environment of the source, since the spectral index is an intrinsic property of these highly polarized sources. The current work follows up on their discovery, using a sample selected only on the basis of total intensity at 2.3 GHz.
In this work, we use the data from the S-PASS survey, conducted by the Australian Parkes single dish radio telescope at 2.3 GHz. We cross match the data with the NVSS catalog and generate a new independent depolarization catalog of bright extragalactic radio sources.
Unlike other polarization studies such as Farnes et al. (2014a) and Hammond et al. (2012) our catalog is not selected based on high polarized intensity which enables us to include objects with low fractional polarizations as well. We study the evolution and possible correlation between quantities such as depolarization, spectral indices and RMs. We will tackle the nature of the well-known observed anti-correlation between total intensity and fractional polarization as well as the origin of the dominant component of depolarization. Section 2 presents the 1.4 GHz and 2.3 GHz observations. Section 3.1 explains the steps in our analysis of the S-PASS total intensity and polarization maps as well as the cross matching with the NVSS catalog. In Section 3.2 we derive quantities such as spectral index, residual rotation measure, fractional polarization and depolarization. The main results and their implications are discussed in sections 4 and 5 respectively. At the end, Section 6 summarizes the main findings and conclusions.
Throughout this paper we employ the ΛCDM cosmology with parameters of H 0 = 70 km.s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7.
OBSERVATIONS

The 2.3 GHz Data
The S-PASS is a project to map the southern sky at Dec < −1.0 deg in total intensity and linear polarization. The observations were conducted with the 64-m Parkes Radio Telescope, NSW Australia. A description of S-PASS is given in Carretti et al. (2013b) and Carretti (2010) ; here we report a summary of the main details.
The S-band receiver used is a circular polarization package with system temperature T sys = 20 K, and beam width FHWM= 8.9 arcmin at 2300 MHz. Data were collected with the digital correlator Digital Filter Banks mark 3 (DFB3) recording the two autocorrelation products (RR* and LL*) and their complex crosscorrelation (RL*). The sources PKS B1934-638 and PKS B0407-658 were used for flux density calibration and PKS B0043-424 for polarization calibration. After Radio Frequency Interference (RFI) flagging, frequency channels were binned together covering the ranges 2176-2216 and 2256-2400 MHz, for an effective central frequency of 2307 MHz and bandwidth of 184 MHz.
As described in Carretti (2010) , the observing strategy is based on long azimuth scans taken at the elevation of the south celestial pole at Parkes covering the entire Dec range (-89 deg to -1 deg) in each scan. For the current work, the spatial large scale component has been removed from each Stokes parameter, applying a high pass spatial filter to optimize for compact source finding and analysis. A median filter with a window of 45 arcmin was used. The final product was a set of 15×15 deg 2 zenithal projection maps covering the entire sky observed by S-PASS. Final maps are convolved to a beam of FWHM = 10.75 arcmin. Stokes I , Q , and U sensitivity is better than 1.0 mJy beam −1 . Details of scanning strategy, map-making, and final maps are in Carretti (2010) and Carretti et al. (2013b) and will be presented in full details in a forthcoming paper (Carretti et al. 2016, in preparation) . The confusion limit is 6 mJy in Stokes I (Carretti et al. 2013a ) and much lower in polarization (average polarization fraction in compact sources is around 2%, see this work). The instrumental polarization leakage is 0.4% on-axis (Carretti 2010 ) and less than 1.5% off-axis.
The 1.4 GHz Data
The NVSS is a 1.4 GHz radio survey with the Very Large Array (VLA) covering the entire sky north of -40 degrees declination at a resolution of 45 arcsec (FWHM). The rms brightness fluctuations are approximately uniform across the sky at ∼0.45 mJy per beam in Stokes I and ∼0.29 mJy per beam in Stokes Q and U. The astrometry is accurate to within < 1 arcsec for point sources with flux densities > 15 mJy, and to < 7 arcsec for the faintest detectable sources (∼2.3 mJy in Stokes I). The survey has a completeness limit of 2.5 mJy, which resulted in a catalog of over 1.8 million discrete sources in Stokes I. More details about the NVSS can be found in Condon et al. (1998) .
CREATING THE NEW SAMPLE
Cross-matching and selection criteria
We first attempted to construct a joint S-PASS/NVSS catalog using NVSS I,Q, and U images convolved to the processed S-PASS resolution of ∼11'. However, upon convolution, the resulting NVSS images were very heavily mottled because of the lack of short interferometer baselines, and the noise level increased dramatically above the full resolution images.
We therefore followed an alternative approach, viz., measuring the contributions of all individual NVSS sources at the position of each NVSS source, as described further below. There are rare situations where very-low level diffuse NVSS emission could also have contributed significantly to the S-PASS flux (e.g, cluster halos, Kempner & Sarazin 2001) , and would be missed by our procedure, but this very minor possible contribution to our strong total intensity sources has been ignored.
We constructed the initial S-PASS catalog by searching the S-PASS maps at the position of all NVSS sources with I NV > 10 mJy in the overlap region between the two surveys, and fitting Gaussian functions to the S-PASS total intensity images. For sources with a spectral index of -0.7 (-0.3) this would correspond to a 4(5) σ detection in S-PASS. However, in order to have adequate sensitivity to sources with low fractional polarizations in S-PASS, we adopted a much higher threshold of I SP > 420 mJy for the catalog. Duplicate sources were eliminated.
Additional sources were eliminated from the catalog if they had either of these data quality issues: a) Excess noise (>0.75 mJy per beam rms, 1.5 × the mode calculated in bins of 0.01 mJy) in the 7.5' -11.25' annulus around the total intensity NVSS source; b) Excess noise (>3 mJy per beam rms. 2× the average rms value) in the 45'-90' annulus in either Q or U maps in S-PASS.
We verified by visual inspection that the above selection criteria have successfully eliminated the NVSS and S-PASS regions with instrumental artifacts.
At the processed S-PASS resolution of ∼11', many sources identified by the above procedure are actually blends of multiple NVSS sources. In order to derive meaningful information from the sample, we therefore needed to eliminate sources with significant contributions from blending. To do this, we defined a search radius of 16' (i.e., to the 3.5σ, 2×10
−3 level of the S-PASS beam) around each S-PASS source, and calculated the I,Q, and U contributions of each NVSS source (with I NV >10 mJy) at the position of the S-PASS source. Thus, for the NVSS portion of the catalog, we have two values for each Stokes parameter: X N target , the flux (I,Q, or U) of the NVSS source with the largest Stokes I contribution at the S-PASS position, and X N cont , the I,Q, or U flux from all other NVSS sources within the 16' search radius, scaled by their distance from the S-PASS peak position using a Gaussian kernel representing the S-PASS beam.
The final values for comparison with S-PASS are then X N total ≡ X N target + X N cont . Figure 1 shows the distribution of the percent contamination of the target source in NVSS total intensity, Icont Itarget , and polarization, Pcont Ptarget . We then adopted a 10% polarization contamination threshold, and only selected sources with Pcont Ptarget < 0.1. The joint S-PASS/NVSS catalog contains 533 sources meeting all of the above criteria. A description of the biases that could result from our contamination threshold is discussed in Section 3.3. We calculated the polarization intensity (averaged over the entire bandwidth) for the NVSS and S-PASS surveys separately. The effect of bandwidth depolarization is discussed in section 3.2.3. We used Stokes Q and U to calculate the polarized intensity, P , in both NVSS and S-PASS as following:
where for NVSS the Q and U include both the target and contamination flux density, Q = Q target + Q cont and U = U target + U cont . The bias corrected polarized flux density, P bc , is approximated as follows:
where σ p is the global rms of U or Q maps (σ N V U,Q ≈ 0.3 mJy per beam and σ SP U,Q ≈ 1.7 mJy per 3-arcmin pixel), measured through the entire Q and U maps, and σ cont is the total contribution of the contaminant apertures rms noise to the bias in NVSS, scaled for their separation from the target.
We also calculated the fractional polarization, π,
where the NVSS total intensity is equal to the target plus the contamination flux density, I NV = I target + I cont . The NVSS residual instrumental polarization percentage peaks at ǫ NV ≈ 0.12% for a sample of strong and unpolarized sources (Condon et al. 1998) . We used this value as a cutoff for the NVSS fractional polarization; for any sources below this threshold we report upper limits as the maximum of 3σp I , ǫ NV . To estimate the S-PASS residual instrumental polarization we selected the 27 objects with π NV < 0.12% in our final sample, and plotted the distribution of their π SP values (Figure 2 ). The median of the distribution,π SP = 0.55%, which we assumed to be a good estimator of the S-PASS residual instrumental polarization percentage, ǫ SP . Note that if the residual instrumental polarizations were zero, then the rms noise of 1.7 mJy per beam would result in much smaller fractional polarizations than 0.55% for the 27 mentioned objects. On the other hand, objects with π NV < 0.12% can potentially be more polarized at higher frequencies, so we could be overestimating the instrumental contribution. We ignored this possibility, and chose the more conservative approach of assuming π SP = 0.55% is only due to instrument leakage.
Out of 533 objects, 416 objects are successfully detected (P bc > 3σ p and π > ǫ) in both NVSS and S-PASS polarized flux densities. There are 90 sources that are not detected in polarization in S-PASS but are detected in NVSS, whereas 12 objects with no detection in NVSS polarization are detected in S-PASS. There are 15 objects that do not have polarization above our threshold in either survey.
The depolarization, D, is defined to be the ratio between S-PASS and NVSS fractional polarizations:
We calculated the depolarization of all objects with 3σ p polarization detection and π > ǫ in both S-PASS and NVSS. Upper/lower limits on D are also calculated for sources as appropriate.
Polarization angle and rotation measure
Assuming that the contaminating sources have very little impact on the polarization angle of the target source, we used NVSS and S-PASS Q and U flux densities to derive the polarization angles χ NV and χ SP ; where
These angles are used to estimate the amount of the rotation measure, RM NS , between the NVSS and S-PASS. The median uncertainty on the derived rotation measures is on the order of 1.6 rad m −2 . The polarization angle can be wrapped by a positive or negative integer coefficient, n, of π radians from the true angle, the so-called nπ ambiguity. In this case, the true rotation measure is RM NS = RM 0 ± nπ/λ 2 rad m −2 . We used the TSS09 rotation measure catalog ( RM T ) to fix n by minimizing the absolute values of ∆RM, where ∆RM ≡ RM T − RM NS − nπ/λ 2 for the 364 sources in common. These are not necessarily the correct RMs, since TSS09 has its own nπ ambiguity of 653 rad m −2 , while this ambiguity for RM NS is about 108 rad m −2 . However, they provide the most conservative estimate of ∆RM, the inferred non-linearity in the Faraday rotation as a function of λ. The parameter n took values of −1, 0, 1 for all objects except one with n = −2.
Note that, including the polarization contamination and recalculating the RMs based on the two NVSS subbands could introduce offsets as large as 42 rad m −2 . As a result, using the uncontaminated NVSS RM T is appropriate.
Bandwidth depolarization
When the RM is high, the rotation of the polarization angle across a fixed bandwidth reduces the net degree of polarization, which is called bandwidth depolarization.
To evaluate the importance of this effect for our sample, we used the 364 sources overlapping with TSS09. We predicted the NVSS and S-PASS bandwidth depolarizations for our objects based on the measured TSS09 RM T and our RM NS , respectively. As shown in Figure 3 the ratio between the observed fractional polarization and the true degree of polarization π obs /π true never gets smaller than 0.95 for S-PASS, and only 3% of objects have NVSS π obs /π true smaller than 0.9. The median π obs /π true for both S-PASS and NVSS are 0.999 and 0.996 respectively, and therefore, bandwidth depolarization will not affect our analysis throughout this work. Only 3% of objects in our sample experience NVSS bandwidth depolarization which results in π obs /πtrue smaller than 0.9.
Spectral index
We used I N V and peak S-PASS (11' beam) intensities, and calculated the power law spectral index, α, where I ∝ ν α . Figure 4 shows the distribution of spectral indices for our 533 objects. The median isᾱ ∼ −0.83. The contaminating flux contributing to the NVSS intensities can be a small source of uncertainty in the calculated spectral indices; we estimated its median to be σ α,Cont ∼ 0.01 while total uncertainties on the derived spectral indices has median value of σ α,T ot = 0.05.
Surface area of the object
We used the NVSS catalog de-convolved minor, θ m , and major θ J axes of the target object, and calculated the effective area, A as follows.:
One must note that almost all sources remain unresolved in S-PASS due to the very large beam size. 
Uncertainties
We used the measured local rms values as uncertainties of the NVSS Q, U and S-PASS I, Q and U flux densities. The uncertainty of the NVSS total intensities are extracted from the NVSS catalog. Error propagation is used to approximate the uncertainty on all the other derived quantities such as polarized flux density and rotation measure. We note that Stil et al. (2011) showed that the rotation measure uncertainties reported in the TSS09 catalog might be underestimated. As a result, we multiplied all the RM T uncertainties by 1.22 as described in Stil et al. (2011) .
Selection Bias
We do not select objects based on their polarization intensities or fractional polarizations. However, we apply a threshold cut on the contribution of polarized contaminants. There is a higher probability for objects with low polarized intensity, either intrinsic or due to depolarization, to suffer from contaminating neighbors, and to be dropped from our final sample. To investigate a possible missing population, we compared two different sub-samples a) sources in our catalog with Pcont Ptarget < 0.1 (533 sources, 416 detected in both NVSS and S-PASS) and b) objects rejected from our catalog with 0.1 ≤ Pcont Ptarget < 0.25 (75 sources, 40 detected in both NVSS and S-PASS).
We compared the fractional polarization and the depolarization properties of these two sub-samples. If we were not creating a selection bias, then they should have similar properties. Figure 5 shows the results. Objects with larger polarization contamination have on average lower 2.3 GHz fractional polarization (medianπ SP = 1.5%) while less contaminated sources haveπ SP = 2.5%. Moreover, the fraction of sources with π SP < 1% is 2.5 times higher (50%) among objects with 0.1 ≤ Pcont Ptarget < 0.25 than sources with Pcont Ptarget < 0.1. The Spearman rank test between D and Pcont Ptarget with r = 0.22 and p < 0.00001 rejects the null hypothesis of no correlation. Thus, we are likely to be missing a population of highly depolarized sources. Figure 5 suggests that around 30% of sources with polarized contamination 0.1 ≤ Pcont Ptarget < 0.25 have depolarizations log(D) > 0.47. Assuming this fraction is also valid for sources with contaminations larger than 25% we estimate that we have missed ∼ 50 depolarized objects in our final sample due to the polarized contamination threshold cut.
Therefore, our final sample of 533 sources is missing a population (∼ 50 objects) of heavily depolarized sources due to our contamination threshold cut. However, we can not correct for such an effect since the amount of contamination in our 2.3 GHz polarization intensities can not be measured. As a result, one should treat the number of depolarized sources in our sample as a strong lower limit and consider this in interpreting all the other related conclusions. In addition, it is possible that our total intensity and polarization contamination thresholds have resulted in a bias toward less dense regions of the sky. We measured the surface number density of the contaminating neighbors in our sample and the parent NVSS-S-PASS overlap sample with I NV > 10 mJy. We used the same aperture with a radius of 16 arcmin and found that the contaminant surface number density in our final sample (4 × 10 −3 arcmin −2 ) is on average 20% less than our parent sample (5 × 10 −3 arcmin −2 ). It is unlikely that the results of this work are affected by such a bias.
Statistical tests
Throughout this work we adopted two nonparametric statistical tests. We calculated the Spearman rank correlation coefficient (r s ) to measure the strength of any possible correlation. The two-sample KolmogorovSmirnov (KS) test is also used to check the null hypothesis that two sub-samples, divided by a parameter of interest, are drawn from the same parent distribution. The significance of each test is estimated by performing bootstrap sampling simulations and constructing 10 5 random samples from the initial distribution. We have assigned two-tail p-values based on the results of our simulations. Table 2 summarizes the result of all the statistical tests performed in this work. In the case of a single hypothesis test we would reject the null hypothesis if the p-value ≤ 0.01. However, we have performed a total 90 tests, counting both KS and Spearman. To avoid the multiple hypothesis testing problem, we adopted the Bonferroni correction as discussed in Algeri et al. (2016) and chose a conservative significance level threshold of p-value ≤ 10 −4 . We therefore rejected the null hypothesis of the KS or the Spearman rank tests only if the corresponding p-value is less than or equal to 10 −4 . In addition, to test the robustness of correlations with p-value less than 10 −4 and to identify any possible influence of the total intensity and polarization contaminations on the results we repeated the relevant statistical tests on smaller (by a factor of ∼0.4) but clean samples of objects with less than 1% contamination. Although the strength of some correlations became stronger or did not change, their p-values increased up to 2 × 10 −3 due to the much smaller sample size. We therefore, adopted the robustness probability p robust of 2 × 10 −3 as a second threshold and treated the correlations with original p-value≤ 10 −4 and 2 × 10 −3 <p robust < 0.05 as suggestive relations only, and did not draw any conclusion based on them. These are marked in Table 2 for completeness and potentially future work. The correlations with original p-value< 10 −4 but p robust > 0.05 are rejected.
RESULTS
We have derived a polarization catalog of 533 extragalactic radio sources, which can be downloaded for public use through the VizieR catalog access tool. The description of the entries in the online catalog is listed in table 1.
Rotation measures
The distribution of RM NS calculated based on NVSS and S-PASS (black) and the Taylor et al. rotation measures, RM T , (red) for the same objects are shown Figure 6 . Both distributions are very similar in shape. Their medians are 3.6 ± 2.0 and 0.5 ± 1.9 rad m −2 , respectively, while their standard deviations are 38.4 and 36.4 rad m −2 . Some of the scatter in the RM distributions could be due to the uncertainty of the measurements. (Stil et al. 2011 ). However, the median error on the RM T for the small bright sample of 364 objects in this work is only σ T = 3.5 rad m −2 . The median measurement uncertainty estimated for RM NS is even smaller, σ NS = 1.6 rad m −2 . Subtracting the median errors from the observed standard deviation of the RM distributions in quadrature result in residual standard deviations of 36.2 rad m −2 and 38.36 rad m −2
for RM T and RM NS respectively, and largely represent the spread in Galactic foregrounds.
Distribution of fractional polarization and depolarization
The median NVSS (S-PASS) fractional polarization of all 533 objects isπ = 0.017 (0.020) including the upper limits. There are 505 (428) objects with detected NVSS (S-PASS) polarization (P > 3σ p and π > ǫ). However, 416 of these objects are detected in both NVSS and S-PASS. The distributions of NVSS and S-PASS fractional polarization of these 416 objects are shown in Figure 7 . The median (and standard deviation) of NVSS and S-PASS fractional polarization of these common objects are 0.022 (.022) and 0.025 (0.023), respectively. Although the median values of π SP and π NV are very close, the median value of their ratio (the median depolarization) is not necessarily equal to one.
The TSS09 catalog was limited to sources with sufficient signal:noise in polarization, and is thus biased towards much higher fractional polarizations (median π T ∼ 0.06) than our catalog, which is ∼3.5 times lower, including both measurements and upper limits. hand, flat spectrum sources include both depolarized and re-polarized objects. There are 17% and 13% of flat spectrum sources with D ≥ 2 and D ≤ 0.5 respectively. The results of the statistical tests presented in Table 2 confirm that steep and flat spectrum sources do not have the same depolarization distributions.
The red dashed histogram in Figure 8 shows the normalized distribution of 58 steep spectrum and 31 flat spectrum objects with upper limits on the depolarization. These sources have S-PASS polarizations less than 3σ or π SP < ǫ SP but are detected in NVSS polarization. The 12 steep spectrum objects with NVSS P < 3σ p or π NV < ǫ NV and detected S-PASS polarization are treated as lower limits on the depolarization. The dotted dashed blue line show the distribution of the lower limits in Figure 8 . In total, 16 objects are detected in neither NVSS nor in S-PASS polarizations and we do not show them in Figure 8 . Farnes et al. (2014a) used their multi wavelength polarization spectra and derived an equivalent power law polarization spectral index β, where π ∝ λ β . As long as the power law model is assumed our depolarization parameter D and β are related such that log(D) = log( λSP λNV )β where the λ SP and λ NV are the average wavelengths of the S-PASS and NVSS surveys respectively. Farnes et al. (2014a) found weak evidence of a bimodal distribution for β of steep spectrum objects. We do not see any sign of bimodal depolarization within objects with α < −0.5, as shown in Figure 9 . The β distribution of steep spectrum objects is single-peaked but asymmetric with a longer tail toward depolarized objects. As will be discussed later, the majority of steep spectrum sources in our sample can be classified as IR AGNs according to their infrared colors. A more complete sample which also includes radio galaxies with infrared colors of normal ellipticals can confirm if the weak bimodal depolarization observed by Farnes et al. (2014a) is real. We also looked at the combined sample of steep and flat spectrum sources and classified them into three depolarization categories.
The choice of the depolarization boundaries is somewhat arbitrary. However, we designed the three depolarization categories to isolate the peak observed in Figure 11 , as is discussed below. Sources with 0.6 < D < 1.7 have median spectral index ofᾱ ∼ −0.82 while sources with D ≥ 1.7 shows a slightly steeper median spectrum withᾱ ∼ −0.9. The spectral slope is mostly flat for re-polarized objects with D ≤ 0.6, with a medianᾱ ∼ −0.1. However, there are 14 re-polarized objects with steep spectral indices, α < −0.5. This is consistent with Farnes et al. (2014a) who also found a small population of steep spectrum re-polarized sources. Figure 10 shows the distribution of the spectral indices of re-polarized objects. We also included 24 objects with detection in π NV but only upper limits on π SP . Figure 10 suggests there are two separate populations of re-polarized sources with flat and steep spectra. Including the mentioned upper limits on D, 61% of re-polarized sources have α ≥ −0.5 (i.e., flat). To understand the relation between fractional polarization and depolarization, we plotted π SP versus log(D), and calculated the running medians in bins of 30 objects (Figure 11 ). There is an apparent peak for S-PASS fractional polarization at log(D) ∼ 0, while both depolarized and re-polarized sources show weaker π SP than sources with fractional polarization above 6%. Both KS and Spearman rank coefficient tests on the | log(D)| and π SP confirm this anti-correlation. We also used two subsamples with log(D) > 0 and log(D) < 0 and performed the two KS and Spearman rank tests on each subsample separately. The results confirmed that fractional polarizations are higher in the vicinity of log(D) ∼ 0 in each subsample. However, the correlation between | log(D)| and π SP of the subsample with log(D) > 0 became uncertain when only including the contamination clean sample of the robustness test. Table 2 summarizes the results of these statistical tests. Figure 12 shows the S-PASS (top) and NVSS Objects with re-polarization show more complicated behavior. They have a medianπ SP = 0.015 andπ NV = 0.035. By definition the median degree of polarization of a sample of re-polarized sources is expected to be higher at 1.4 GHz than 2.3 GHz. It is possible that the true medianπ SP andπ NV are lower than the above values because we would have systematically excluded repolarized objects with π SP less than the detection limit. This results in over estimating the median fractional polarization of re-polarized sources in both NVSS and S-PASS.
Total intensity and fractional polarization
Our sample includes total intensities from 0.42 to 10 Jy, which gives us the opportunity to study possible correlations between the fractional polarization and total intensity. As listed in Table 2 both KS and Spearman tests suggest there is a weak anti-correlation between π SP and I SP of the whole sample of sources at 2.3 GHz. More investigation revealed that is true for steep spectrum (α < −0.5) sources alone, while it disappears for flat spectrum (α ≥ −0.5) objects. The anti-correlation among steep spectrum sources became weaker and more uncertain when only including the contamination clean sample of the robustness test, and thus should be treated as a suggestive trend only. Figure 13 shows the S-PASS π SP of only steep spectrum sources versus their logarithm of total intensity. The calculated running medians (including the upper limits on π SP to avoid any selection bias due to our total intensity cut) are shown as well. Objects with α < −0.5 and log(I SP ) < 2.9 have median ofπ SP ∼ 0.03 while sources with larger total intensity are less polarized with medians ofπ SP ∼ 0.02.
To shed light on a possible physical origin of the observed anti-correlation we calculated the luminosities, based on the 261 objects in our sample which have redshifts in the Hammond et al. (2012) catalog. 222 of these sources are detected in both NVSS and S-PASS polarization. Using our spectral indices, we calculated the K-corrected 2.3 GHz luminosities. The 141 steep spectrum objects have median luminosity of L steep = 1.7×10
27 WHz −1 . Although there is a nominal difference betweenπ SP for higher and lower luminosities (2.6% and 2.2%, respectively), these do not appear statistically significant. There is also no statistically significant difference in | log(D)| for the high and low luminosity steep spectrum sources.
The 81 flat spectrum sources are at higher redshifts, on average, and have a median luminosity ofL f lat = 3.0 × 10 27 W Hz −1 .
4.4.
Correlation between RRM, ∆RM, π and D There are two measures to characterize the Faraday effects that are either local to the source or in the intervening IGM medium, the residual rotation measure RRM, which takes out the Galactic foreground contribution to the observed RM, and ∆RM ≡ RM T − RM NS , which sheds light on the frequency dependency of the RM.
The absolute value of |∆RM | is an indicator of the Faraday complexity of the source and its environment. As explained in the following, we found that ∆RM is anti-correlated with π and correlated with | log(D)|.
Faraday complex sources, i.e, those with multiple RM components should be both depolarized and have polarization angles which may not vary linearly with λ 2 . We therefore examined the possible correlation between depolarization and |∆RM|. Figure 14 shows |∆RM| versus | log(D)| for all objects with detected polarization in both NVSS and S-PASS. The running medians of the |∆RM| calculated in bins of | log(D)| show an evolution. To quantify this, we calculated the Spearman rank, which yielded a correlation coefficient of r s = 0.23 and p-value of p = 0.00003 establishing that depolarization and non-λ 2 polarization angle behavior are related. A large RM beyond the Galactic foreground RM screen could also indicate the presence of Faraday complexity and depolarization. To estimate this, we removed the Galactic contribution by subtracting the medianRM within 3 degrees of each target (excluding the target itself), using the TSS09 catalog. This yields the residual rotation measure, RRM T ≡ RM −RM. Subtracting the medianRM is not the best method to estimate the extragalactic component of the RM as discussed in Oppermann et al. (2015) . However, for objects above the Galactic latitude of |b| > 20 degrees, which is true for most of our sample, the difference between the Oppermann et al. (2015) recipe and our method is small. As shown in Figure 15 , we find the Spearman rank coefficient of r s = 0.21 and p-value of 7 × 10 −5 which suggests a correlation between |RRM T | and |log(D)|. However, our robustness test on the clean sample failed to confirm such a trend. Thus, only |∆RM| shows a clear sign of a correlation with depolarization. We also found, the 1.4 GHz and 2.3 GHz fractional polarizations show moderate anti-correlations with |∆RM|, as shown in Figure 16 and listed in Table  2 . Thus, depolarization does reduce the fractional polarizations at these frequencies, although the dominant role of field disorder is discussed in Section 5.1. Moreover, the Spearman rank test with r s = −0.25 and p-value of < 10 −5 suggest an anti-correlation between |RRM T | and π NV . However, our robustness test failed to confirm this significance. To study how the morphology of a system affects the depolarization, we used total intensity deconvolved areas (A) derived from the NVSS catalog Condon et al. (1998) . Flat spectrum objects in our sample are unresolved in the NVSS synthesized beam while steep spectrum objects include both resolved and unresolved sources. For the steep spectrum sources, Figure 17 shows the distributions of the absolute | log(D)| for two sub-samples -unresolved and resolved sources with the dividing line at log(A) = 2.5 arcsec 2 . On average, resolved sources have smaller | log(D)| with median of 0.12 compared to 0.20 for unresolved sources. The scatter of the two samples is almost the same with standard deviation of 0.21. Beam depolarization should only play a small role, because most resolved sources are only slightly resolved.
Polarization, depolarization and the object angular extent
We also looked at the dependence of fractional polarization on size. Figure 18 shows the distributions of the S-PASS fractional polarization for the unresolved and extended samples of steep spectrum objects. On average, resolved and extended steep spectrum objects have 2.3 GHz fractional polarizations,π SP ∼ 4%, two times larger than their unresolved counterparts. Both KS and Spearman tests confirm a strong strong positive correlation between A and π SP of steep spectrum objects.
Spatial distribution of depolarization in the sky
We carried out a brief investigation to see if the depolarization properties in our sample were related to their position in Galactic coordinates. Figure 19 shows the distribution of 533 objects in the sky, color coded with respect to their depolarization. Visual inspection does not reveal any obvious over-density of depolarized or re-polarized objects.
We also calculated the auto correlation between depolarization and angular separation, and the two point angular correlation function for the most depolarized and least depolarized sources. None of these showed any evidence for clustering of depolarization in space. Similarly, the two point angular correlation functions for the highest and lowest fractional polarizations at 2.3 GHz revealed no clustering. Other work has identified some positional dependence to polarizations in the NVSS catalog. discovered regions with angular scales of ∼ 10 degrees in which the density of the and extended (dashed red) steep spectrum objects in the NVSS survey. The de-convolved surface area thresholds log(A) ≤ 2.5 arcsec 2 and log(A) > 2.5 arcsec 2 are used to separate unresolved and extended sources, and the two vertical blue solid and dashed lines represent the medians of π SP for the two samples respectively. polarized sources drops by a factor of 2-4. They named these regions the "polarization shadows," and found that some of them are associated with the Galactic HII regions while the rest are related to the depolarized areas in the diffuse Galactic radio emission. All polarization shadows in are located within the Galactic plane at |b| < 20 degrees except one which is at Galactic (l = 5, b = +24). Almost all of the objects in our sample have Galactic latitudes of |b| > 20 degrees, and none are located around (l = 5, b = +24), so the Galactic polarization shadows likely do not affect the current work. However, it is interesting to search for high latitude Galactic diffuse emissions in smaller scales and their probable signature on the depolarization of the extragalactic sources in future surveys and larger samples with higher number density.
WISE colors and polarization
We matched our catalog to the Wide-field Infrared Survey Explorer, WISE, catalog, Wright et al. (2010) , with a search radius of five arc-seconds. Out of 533 objects, 455 have WISE counterparts. All of them are detected with at least 5σ in the WISE 3.4µm band, W1, while 445 (323) have > 5σ detection in 4.6µm, W2, (12µm, W3) band.
W 1 − W 2 and W 2 − W 3 colors can be used to separate different galaxy populations such as AGNs and ellipticals (Wright et al. 2010; Jarrett et al. 2011) . Recently, Banfield et al. (2015) studied WISE colors of a large sample of resolved radio galaxies from the Radio Galaxy Zoo project, and found that most radio objects can be classified as ellipticals, AGNs and LIRGs. Figure 20 shows the WISE color-color diagram of objects in our sample for which we have depolarization measurements and WISE counterparts. All objects used in Figure 20 have W1 and W2 detections larger than 5σ and with small errors in the W 2 − W 3 colors σ (W 2−W 3) < 0.4.
We investigated the possible dependence of the polarization and depolarization on WISE colors. The WISE dependence is difficult to isolate, since flat and steep spectrum objects have different WISE and different depolarization distributions. We therefore looked at steep spectrum objects only, and found that neither π SP or | log(D)| were significantly correlated with WISE colors (Table 2) . We do not sample the "elliptical" region of WISE color space, which makes up a distinct population in the Banfield et al. (2015) study.
Redshift Dependence
There are 222 objects in our sample that are detected in both NVSS and S-PASS polarization maps and have redshifts in Hammond et al. (2012) catalog. Figure  21 shows the redshift distribution of the 222 matched sources, as well as the separated distributions of steep and flat spectrum objects. Steep spectrum objects are 
Note: The * symbol in the beginning of some of the rows indicates that at least one of the tests resulted in p-value ≤ 10 −4 and p robust ≤ 2 × 10 −3 .
The ? symbol represents suggestive correlations with p-value ≤ 10 −4 and 2 × 10 −3 <p robust < 0.05. As discussed earlier, steep and flat spectrum objects have different depolarization distributions and therefore, we studied their redshift evolution separately. We examined the redshift dependence of only depolarized steep spectrum sources (D ≥ 1.5), since we expected to see a change in polarization properties due to the change in rest frame wavelength. We used the threshold D = 1.5 to choose as many highly depolarized sources as possible while excluding the scattered objects that are in the vicinity of the observed peak at D ∼ 1 in Figure 11 . We found weak evidence for a decrease in depolarization of these sources as redshift increases (Spearman r s = −0.36, p=0.011), which does not cross our conservative detection threshold. The average π NV of 49 steep spectrum sources with D ≥ 1.5 seems to increase fromπ NV = 0.46% at z ≤ 0.5 toπ NV = 1.02% at z ≥ 0.5, while their observed depolarization decreases and π SP stays almost fixed. Figure 22 shows the running median of π NV and D calculated in bins of redshift as well as the expected evolutionary behavior of the three depolarizing scenarios. We will discuss this more in Section 5.5. A depolarizing screen located at the redshift of the source, 2. Combination of two depolarizing components, one Galactic and one at the redshift of the source, and 3. An evolving σ φ at the depolarizing screen at the source redshift.
On the other hand, we do not find any change with redshift in depolarization of separate samples of steep or flat spectrum sources which include all re-polarized and depolarized sources. The median, log(D) ≈ 0.1, and standard deviation σ log(D) ≈ 0.26, of steep spectrum objects stay almost constant with increasing redshift. Flat spectrum sources appear to be mostly re-polarized at z < 1 while at higher redshifts the number of re-polarized and depolarized flat spectrum objects are almost the same. However, as listed in Table 2 , none of the KS and Spearman tests could confirm such a redshift dependence among flat spectrum sources. We also performed both KS and Spearman rank tests on |RRM| and |∆RM|, and did not detect any noticeable redshift dependence (Figure 23 ). The 2.3 GHz fractional polarization of steep and flat spectrum sources also stays fixed at all cosmic times, although have different average values for populations of steep and flat objects. 4.9. Summary of major results 1. The majority of extragalactic radio objects with I SP ≥ 420 mJy have degrees of polarization on the order of 2% to 3% at both 1.4 GHz and 2.3 GHz.
2. π SP and | log(D)| are anti-correlated. On average, objects that are not depolarized (| log(D)| ≤ 0.23), have median fractional polarizations of π SP ≈π NV ≈ 3% − 4%, withπ SP ≈ 2% for more depolarized objects andπ SP ≈ 1% for repolarized sources. Objects with high fractional
3. Flat and steep spectrum objects have different polarization properties. 55% of flat spectrum sources are re-polarized, compared to only 24% for steep spectrum sources. Steep spectrum sources have larger degrees of polarization as well as stronger average depolarization. 5. Almost 24% of the objects with detected polarization have D > 2. An additional 10% of all sources may be too depolarized to be included in our sample.
6. On average, sources with large | log(D)| (depolarized or re-polarized) show larger changes in RM with wavelength (∆RM).
7. We find weak evidence for a redshift dependence of the depolarization in a sub-sample of sources, those with steep spectra and D ≥ 1.5.
8. We do not find any evidence for changes of the observed 2.3 GHz fractional polarization, depolarization, |RRM T | and ∆RM from z = 0 to z = 2 when all sources are considered. The median degree of polarization of both steep (141) and flat (81) spectrum sources with known redshift remain almost constant at π SP ≈ 2.5% and π SP ≈ 2.0% respectively.
9. A large scatter in both depolarization and fractional polarization is seen at all redshifts.
10. We did not find any evidence for angular clustering in the distribution of the depolarized sources.
11. Both π and | log(D)| of steep spectrum sources are independent of WISE W 1 − W 2 color.
DISCUSSION
5.1. Radio source field disorder While radio synchrotron radiation can potentially be highly polarized, the NVSS and S-PASS fractional polarizations of most objects in our sample are around 2% − 3%, and very rarely exceed 10% (Figure 7) . Depolarization due to the presence of an irregular Faraday screen between the source and the observer, e.g., can potentially reduce the initial degree of the polarization, generally leading to higher fractional polarizations at higher frequencies (Burn 1966; Tribble 1991) . However, between 1.4 GHz and 2.3 GHz we find that the majority of extragalactic objects experience only small depolarizations, with 60% of the objects have 0.6 < D < 1.7. Moreover, objects with the strongest fractional polarizations (π ≈ 10%) have little depolarization. The reduction from a theoretical maximum of ∼40-70% to either ≈10% with no depolarization, or ≈3%, with modest depolarization, must therefore be due to field disorder.
To approximate the necessary number of randomly oriented magnetic field patches within an unresolved source, we performed a simple simulation. We considered a uniform brightness two dimensional source, with equal fractional polarizations π 0 = 50% in each patch. By randomizing the polarization angles, we estimated that sources currently unresolved in our beam should contain approximately 70 to 80 independent magnetic patches to reduce the observed fractional polarization to ∼4%.
There is a subset of sources where depolarization does play a significant role. Almost, 24% of sources with detected polarizations have D > 2. Moreover, we estimated a missing ≈10% population of heavily depolarized sources. It is not clear how strong an effect field disorder has for that subset.
Prospects for high frequency surveys
One important implication of these results is for surveys at higher frequencies, where one might expect to increase number counts by a large factor because of less depolarization. However, changing the frequency of observation from L to S band will not result in a major increase in the number of polarized detections. the number of polarized objects. As an example, the number of sources with polarized flux densities larger than 10 mJy in our sample is almost equal at both 2.3 GHz and 1.4 GHz (368 in S band and 363 in L band). Future polarization surveys and the Square Kilometer Array, SKA (Beck 2011 ) precursors such as Polarization Sky Survey of the Universe's Magnetism, POSSUM (Gaensler et al. 2010) , Westerbork Observations of the Deep APERTIF Northern sky, WODAN (Camera et al. 2012) , MeerKAT International GigaHertz Tiered Extragalactic Exploration survey, MIGHTEE (Jarvis 2012) , Very Large Array Sky Survey, VLASS (Mao et al. 2014) and VLASS Deep will detect hundreds of thousands of polarized sources in different frequencies. The VLASS will operate at S band from 2 to 4 GHz and has angular resolution and sensitivity of ∼ 3.5 arcsec and 0.7 mJy per beam respectively. The number density of flat spectrum sources is expected to be similar in L and S bands since their flux density is almost independent of the frequency, and their median depolarization is D ∼ 1 as shown in Figure 8 . On the other hand, steep spectrum, α < −0.5, sources in our sample with median α = −0.9 are on average fainter at S band by a factor of 1.4. Therefore, their number density at a fixed signal to noise reduces. However, the median polarization of steep spectrum objects in our sample is approximately 1.3 times higher at 2.3 GHz than 1.4 GHz at resolutions as low as S-PASS, ∼ 9 arcmin. This indicates that the median polarization flux density of these objects should have been reduced by ∼17%. Rudnick & Owen (2014) showed at 1.6 arcsec resolution there are ∼ 6 polarized sources per squared degree at 0.7 mJy per beam and S:N > 10 in L band, and the integrated number density of objects with polarization flux density larger than p goes as N p ∝ p −0.6 . As a result, one can expect to detect roughly 11% less polarized objects at S band compared to L band at 1.6 arcsec resolution. All in all, considering the larger beam size of the VLASS all sky survey one can expect to detect approximately the same number of polarized sources in S band as the calculation of Rudnick & Owen (2014) in L band. This is already a factor of six above the existing surface density of polarized sources from the NVSS catalog in L band.
Prospects for RM grid experiments
There is strong interest in measuring and estimating the intergalactic magnetic field in clusters of galaxies or in cosmic filaments through RM analysis and tomography, e.g. Akahori et al. (2014) . In the presence of a single Faraday screen along the line of sight, the rotation angle of the radio polarization vector of extragalactic sources depends linearly on λ 2 . This simple relation makes it possible to estimate the magnetic field of the medium with some assumptions for the electron density, after subtracting out a Galactic component. However, any complication in the structure of the Faraday screen within the observation beam or along the line of sight through the emitting source will result in non-λ 2 behavior, and an inability to isolate the foreground screen of interest.
We have measured the non-λ 2 behavior using ∆RM. As shown in Figure 16 , large ∆RMs occur preferentially at low fractional polarizations.
In order to avoid large values of ∆RM, which would compromise any foreground experiment, it is necessary to use only fractional polarizations (≥ 3 − 4%). This will cause a reduction in the number of available sources; only 33% of sources in our sample have π SP > 3%. However, if reliable χ(λ 2 ) were available for some subset of sources, then it might be possible to increase this number.
Origins of depolarization
As shown in Section 4.6 we did not detect any angular clustering of sources by fractional polarization or depolarization, that would have implied a Galactic origin. We can not rule out the possibility of Galactic RM fluctuations on arcsec scales, but these are likely to be extremely small and we do not consider them further here.
The dependence of depolarization on spectral index shows that it must primarily occur local to the source. If depolarization is local to the environment of the source, then it may show signs of dependence to some intrinsic characteristics of the source such as spectral index or the luminosity. The results found here on the spectral behavior are consistent with Farnes et al. (2014a) who did a multi-wavelength polarization study on sources selected from the TSS09 catalog.
The dependence of polarization properties of objects on their angular extent (Section 4.5) also supports the local depolarization scenario. As shown in Figure 17 , compact sources seem to have larger depolarizations ( | log(D)| ∼ 0.20 vs. ∼ 0.13) and smaller fractional polarizations (π SP = 4% vs. 2%) than sources extended in NVSS. This is inconsistent with irregular screens either Galactic or extragalactic, which should yield higher fractional polarizations and less depolarization for compact sources. Thus, the depolarization must arise in a Faraday component directly related to the source. If Galactic or intervening Faraday screens were the dominant depolarizing components then we expect to see larger depolarization in a sample of extended sources.
5.4.1. The origin of the total intensity and fractional polarization anti-correlation
The anti-correlation between total intensity and fractional polarization at 1.4 GHz has been extensively discussed (such as Mesa et al. 2002; Tucci et al. 2004; Taylor et al. 2007; Grant et al. 2010; Subrahmanyan et al. 2010; Stil et al. 2014) . Recently, Banfield et al. (2014) used WISE colors to suggest that the anticorrelation was due to the difference in environments between WISE-AGNs (IR colors dominated by AGN) and WISE-Ellipticals (IR colors dominated by starlight). These effects are likely confused by the fact that the anti-correlation is found only among steep-spectrum sources, as discussed in Section 4.3. The WISE-AGN class contains a large fraction of flat spectrum objects, for which we find no anti-correlation, while the WISEEllipticals are largely steep-spectrum . The dependence we found on the spectral index is also consistent with Tucci et al. (2004) and the stacking analysis of Stil & Keller (2015) .
The limited range of I SP in our sample makes it difficult to study these effects. However, to illuminate the underlying issues, we note that the suggestive anticorrelation between I SP and π SP of steep spectrum sources must arise from some physical difference in properties between the bright and faint sources that are not expected in fair, uniform samples. We have not been able to identify this underlying parameter. We find no statistically significant anti-correlation between L SP and π SP . We attempted to correct for the size dependence, in case that was a confounding variable, but the anticorrelation remained. Size could still be an important factor, since the resolution of even the NVSS is much larger than the typical source size. Higher resolution observations of this sample could reveal, e.g., that the bright sources are much more compact and dominated by central AGN, as opposed to fainter, lobe-dominated structures with more ordered fields.
Depolarization might also be playing a role, since π SP is correlated with the | log(D)|. However, again, the anti-correlation breaks down when we look at L SP and | log(D)|. This leaves us back, again, at some as yet undetermined physical difference between the faint and bright sources.
Re-polarized objects
We showed that most re-polarized objects have flat spectra (α ≥ −0.5), and are therefore concentrated in the WISE-AGN population (Figure 20 ). This makes it likely that they contain a high proportion of compact nuclei with polarization SEDs influenced by self-absorbed, and perhaps Faraday thick components. This is consistent with Farnes et al. (2014a) who also found flat spectrum objects have complex polarization behaviors.
While 61% of re-polarized objects have flat spectra and are optically thick sources, the remaining 39% have steep spectra. The nature of these objects is not clear. However, there are few proposed models in the literature. re-polarization can occur when there is interference between two (or a few) unresolved and separate Faraday patches in the beam of the telescope. This can result in an oscillatory behavior of the fractional polarization with changing frequency as discussed in Farnsworth et al. (2011) and Goldstein & Reed (1984) . Hovatta et al. (2012) studied the AGN jet structure of 191 extragalactic radio objects, and found multiple regions along the jets of a few objects show signs of re-polarization. As discussed in Homan (2012) they argue that both internal Faraday rotation in the jet medium as well as the configuration of the magnetic fields can explain the observed repolarization in these optically thin jets. In Faraday thick regions the rotation of the polarization angles might align the polarization vectors from the far and near sides along the line of sight which can potentially result in re-polarization.
Redshift Evolution
The evolution of the magnetic properties of galaxies with time has been subject of multiple studies (such as Hammond et al. 2012; Kronberg et al. 2008; Bernet et al. 2008; Goodlet & Kaiser 2005; Oren & Wolfe 1995; Welter et al. 1984) . We distinguish here between two different quantities, an observed redshift dependence and an inferred redshift evolution, based on applying the polarization equivalent of a K-correction (redshift dilution).
As discussed in Section 4.8, we found weak evidence that the average observed depolarization of steep spectrum depolarized sources with D ≥ 1.5 decreases with increasing redshift, while the 1.4 GHz fractional polarization increases (the 2.3 GHz fractional polarization shows no change). The detected redshift variations are weak, compared to the scatter, and their probability (0.011) does not cross our conservative detection threshold. However, given the importance of this issue, we discuss the causes and consequences of redshift dependencies to help clarify the underlying issues.
Polarization SEDs are often complex, especially for flat spectrum sources. This is seen in our numerous detections of re-polarization, and the broad wavelength SEDs cataloged by Farnes et al. (2014a) . In such cases, it is impossible to predict the trends of depolarization and fractional polarization with redshift expected from the K-correction. In the case where D ∼ 1, no redshift dependence is expected, since there is no wavelength dependence to the fractional polarization. Therefore, the fact that we observe decreasing depolarization and increasing 1.4 GHz fractional polarization at increased redshift only for steep-spectrum sources with D > 1.5 is consistent with K-corrections only, without any physical redshift evolution.
We now look at this more quantitatively, assuming the simplest case of an unresolved source with an irregular depolarizing Faraday screen (Burn 1966 )(B66), external to, but at the same redshift as the source. The expected fractional polarization behavior is then
where π 0 is the initial fractional polarization and C ∝ σ 2 φ is a function of the dispersion in the Faraday depth.
For a region with electron density n and magnetic field component parallel to the line of sight B z , fluctuations in the parameter nB z over the extent of the region is represented by σ φ . Assuming no physical change in σ φ with time, the redshift dilution effect results in an increase in the observed fractional polarization, π ∝ exp −Cλ 4 (1 + z) −4 . The observed depolarization also decreases with redshift since D ∝ exp C(λ 4 NV − λ 4 SP )(1 + z) −4 . This simplest picture (Model 1), however, is not quantitatively consistent with our observations (Figure 22) .
We therefore considered two additional models based on the B66 screen. Model 2: A combination of two depolarizing components, one Galactic or relatively local to us, and one at the redshift of the source, and Model 3: A physical change in σ φ of the depolarizing screen at the source redshift. As shown in Figure 22 , the general behavior of the observed π NV , and D as well as π SP (not shown) of the depolarized steep spectrum sources and their evolution with redshift can be explained by models 2 and 3. However, a single depolarizing component, local to the source, with no evolution in σ φ does not seem to be consistent with the observation. Larger samples, and resolved polarization maps where the Faraday structure can be directly seen, are needed to clarify these results.
As an alternative to the B66 screen, Tribble (1991) suggested depolarization can be modeled as power law π ∝ λ −4/m at wavelengths larger than λ 1/2 , at which the degree of polarization is equal to half of its maximum value. The above relation only holds under certain condition in which the Faraday screen RM structure function varies as a power law across the source S(δx) ∝ δx m where S(δx) ≡< [RM(x + δx) − RM(x)] 2 > and x is the angular coordinate. If we assume the fractional polarization of unresolved objects follows any power law model with arbitrary exponent −4/m and a constant related to the RM dispersion, π = Cλ −4/m , then the observed depolarization, D = π SP /π N V , and both the redshift and the σ φ dependences cancel out. Therefore, one can expect to observe no evolution in the average D even if σ φ changes with redshift, contrary to what we observe.
Comparisons to previous work
Earlier work has been based on samples including sources with both flat and steep spectra, and without selections based on depolarization. For our full sample, we find no redshift trends in fractional polarizations or depolarization, or measures of increased Faraday structure such as |RRM T | and |∆RM|. This is consistent with the negative results from Bernet et al. (2012) and Hammond et al. (2012) . In addition, their samples were taken from the TSS09 catalog, which is biased towards high fractional polarizations, and thus, towards depolarizations D∼1, for which no redshift evolution is expected.
Our data are inconsistent with the analysis of Kronberg et al. (2008) , who claimed that the rotation measure of galaxies at redshifts larger than z = 1 are on average larger (by ∼ 10 rad m −2 ) than the low redshift objects, despite the redshift dilution effect. In Figure 23 we show |RRM T | versus the redshift of objects in our sample and overlay the Kronberg et al. (2008) median |RRM| values from their Figure 3 . Our data are consistent with theirs, and show no evidence for the claimed increase in RRM.
It is possible that a physical increase in σ φ and depolarization as a function of redshift could mask the redshift dilution effect, leaving no observed redshift dependence to fractional polarization, RRM, ∆RM or depolarization. This is discussed with more details in Hammond et al. (2012) , Kronberg et al. (2008) , Bernet et al. (2008) , Oren & Wolfe (1995) and Welter et al. (1984) . Goodlet & Kaiser (2005) studied the redshift evolution of the depolarization of 26 resolved, powerful radio galaxies and quasars over the cosmic time. They applied corrections to the measured depolarizations based on models of the wavelength and resolution effects at different redshifts. They claim a physical evolution in σ φ and depolarization as a function of redshift, but we cannot compare their results to ours, since neither the original data nor the details of the models are shown.
CONCLUSIONS
We constructed a depolarization (D = π 2.3 /π 1.4 ) catalog of extragalactic radio sources brighter than 420 mJy at 2.3 GHz including total intensities, spectral indices, observed and residual rotation measures, fractional polarization, depolarization as well as the redshift, 2.3 GHz luminosity and WISE magnitudes for almost half of the objects. We looked for possible correlations between these quantities and found that the fractional polarization of extragalactic radio sources depends on the spectral index, morphology, the intrinsic magnetic field disorder as well as the depolarization of these sources. We summarize our main conclusions as follows:
Consistent with previous studies over half of flat spectrum sources in our sample are re-polarized while the majority of steep spectrum objects are depolarized. There is also a significant population of steep-spectrum sources that are repolarized; their underlying physical structure is currently unknown. Although steep objects are more polarized at 2.3 GHz, they are fainter in total intensity, and therefore future surveys at higher frequencies will result in approximately the same number of sources at fixed sensitivity as the lower frequencies.
Depolarization, and thus fractional polarizations, are related to the presence of Faraday structures indicated by the non-λ 2 behavior of polarization angles (∆RM). Future studies using polarized sources as background probes need to minimize RM structures intrinsic to the sources. Such clean samples require high fractional polarizations (π ≥ 4%), which will severely limit the number of available sources.
Sources with little or no depolarization between 1.4 GHz and 2.3 GHz have fractional polarizations ranging from a few to 10%. This is much lower than the theoretical maximum, and therefore shows the dominant role of field disorder in creating low polarizations. Compact steep spectrum objects in the NVSS catalog have more Faraday structure, and are ∼ 2 times less polarized at 2.3 GHz than the extended sources.
We found suggestive evidence for a decrease in the depolarization from z = 0 to z = 2.3, but only when the sample is restricted to the steep spectrum, α < −0.5, depolarized, D ≥ 1.5 objects. More investigation is needed to confirm the depolarization trend. Assuming that it's real, it is likely the result of the redshift dilution effect (at least partially) but requires more than a simple depolarizing screen local to the source.
